this study investigated the relationship of weather and air pollution with the onset of Bell's palsy. the Korean Health insurance Review and Assessment Service-national Sample cohort (HiRA-nSc) data from 2002 through 2013 were used. The 3,935 Bell's palsy patients were matched with 15,740 control participants. the meteorological data, including daily mean temperature (°c), daily mean highest temperature (°C), daily mean lowest temperature (°C), daily mean temperature difference (°C), relative humidity (%), spot atmospheric pressure (hpa), sulfur dioxide (So 2 ) (ppm), nitrogen dioxide (no 2 ) (ppm), ozone (o 3 ) (ppm), carbon monoxide (co) (ppm), and pM 10 (particulate matter ≤ 10 μg/m 3 ) for 60 days, 30 days, 14 days, 7 days, and 3 days prior to the index date were analyzed for Bell's palsy cases and controls. conditional logistic regression analysis was used to estimate the odds ratios (oRs) of the association between the meteorological data and Bell's palsy. the mean no 2 and pM 10 concentrations for 60 days were higher, while that of O 3 was lower in the Bell's palsy group than in the control group (both p < 0.001). The Bell's palsy group showed 16.63-fold higher odds of NO 2 for 60 days (0.1 ppm) than the control group (95% CI = 10.18-27.16, P < 0.001). The ORs of PM 10 , and o 3 for 60 days showed inconsistent results according to the included variables. Bell's palsy was related to high concentrations of no 2 .
Results
The demographic factors, hypertension, diabetes, and dyslipidemia were identical between the Bell's palsy and control groups. The mean meteorological and air pollution measurements for 60 days before the index date were evaluated. Only nitrogen dioxide (NO 2 ), ozone (O 3 ), and PM 10 (particulate matter ≤10 μg/m 3 ) showed differences (Table 1 , each of P < 0.001).
The odds ratio (OR) of the 60-day NO 2 exposure level (0.1 ppm) prior to the onset of Bell's palsy was 16 .63 (95% CI = 10. 18-27.16 , P < 0.001, Table 2 ). The OR of the 60-day PM 10 exposure level (10 μg/m 3 ) prior to the onset of Bell's palsy was 1.07 (95% confidence interval [95% CI] = 1.04-1.11, P < 0.001), while that of O 3 was 0.18 (95% CI = 0.10-0.31, P < 0.001). The daily mean temperature, daily mean highest temperature, daily mean lowest temperature, daily mean temperature difference, relative humidity, spot atmospheric pressure, SO 2 , and CO were not different between the Bell's palsy and control groups (S1 Table) . After performing several analyses of the associations between various levels of exposure to NO 2 , O 3 , and PM 10 and Bell's palsy, 60-day exposure levels of NO 2 , O 3 , and PM 10 prior to the onset of Bell's palsy were selected based on the Akaike information criterion (AIC) and Bayesian information criterion (BIC) values (S2 Table) .
In the various models (models 1-7, Table 2 ), the results for NO 2 were consistent, while those of O 3 and PM 10 were changed according to the variables included in the different models.
In the subgroup analyses, the 60-day exposure level of NO 2 (0.1 ppm) was associated with an increased risk of Bell's palsy in young women (OR = 68.17, 95% CI = 10.94-424.57, P < 0.001), middle-aged men (OR = 27.84, 95% CI = 11.22-69.10, P < 0.001), middle-aged women (AOR = 12.53, 95% CI = 4.96-31.66, P < 0.001), old men (OR = 12.93, 95% CI = 2.87-58.24), and old women (OR = 20.05, 95% CI = 6.20-64.82) groups (Table 3) . However, statistical significance was not reached in the group of young men. According to the region of residence, there was an association between the exposure to NO 2 with an elevated risk of Bell's palsy in both urban and rural residents (S3 Table) .
Discussion
The concentrations of NO 2 for 60 days before the onset of Bell's palsy were higher in Bell's palsy patients than in the control group in this study. Other meteorological factors, such as temperature, humidity, atmospheric pressure, SO 2 , and CO, were not associated with Bell's palsy. The results for O 3 and PM 10 were inconsistent (S4 Table) . To the best of our knowledge, there has been no study on the association of air pollutants with Bell's palsy.
The oxidative stress and inflammatory response to NO 2 exposure may directly influence the development of Bell's palsy. The cumulative effects of high concentrations of NO 2 might contribute to the increased risk of Bell's palsy. It was reported that patients with Bell's palsy had higher levels of oxidative stress and antioxidant activity than patients in the control group [15] [16] [17] . Patients with Bell's palsy had increased blood levels of thiol and disulfide activity levels compared to control participants 16 . In addition, the serum levels of malondialdehyde and the antioxidants glutathione, catalase, and superoxide dismutase were elevated in Bell's palsy patients 17 . The increased level of oxidative stress may elevate an individual's susceptibility to inflammatory neuropathy. Bell's palsy is likely accompanied by an inflammatory response. The neutrophil-to-lymphocyte ratio was found to be higher in Bell's palsy patients, and the ratio was correlated with the House-Brackmann grade of facial palsy and facial nerve enhancement on temporal gadolinium-enhanced magnetic resonance imaging 18 . NO 2 can oxidize other organic compounds, including unsaturated fatty acids, thereby inducing free radical reactions 19 . The expression of numerous genes related to oxidative stress, including heme-oxygenase 1, was increased after NO 2 exposure in primary human bronchial epithelial cells 20 . Moreover, systemic inflammation can be induced by NO 2 exposure. A previous study reported that the serum interleukin-6 concentration was increased 1.20-fold after relatively higher levels of NO 2 exposure (95% CI = 1.1-1.3, P = 0.001) 21 .
The elevated cardiovascular risk due to NO 2 might represent an indirect link between NO 2 and the risk of Bell's palsy. NO 2 is known to be associated with the risk of cardiovascular diseases, such as stroke and myocardial infarction, and cardiovascular mortality 22, 23 . A meta-analysis study reported that there was increased cardiovascular mortality following long-term NO 2 exposure (hazard ratio = 1.03, 95% CI = 1.02-1.05) 23 . Among several air pollutants, namely, CO, NO 2 , PM 10 , PM 2.5 , and SO 2 , only NO 2 was associated with an increased risk of hospital admissions for non-myocardial infarction-related cardiovascular disease (2.0%, 95% CI = 1.1-2.9) and heart failure (4.4%, 95% CI = 2.0-6.8) 24 . Another longitudinal follow-up study demonstrated an excess relative risk of hospital admissions of 2.8% for myocardial infarction and 4.9% for hemorrhagic stroke 22 . Several epidemiological studies have suggested the association of cardiovascular diseases with Bell's palsy 25, 26 . The incidence of peripheral arterial occlusive disease was 1.5 times higher in Bell's palsy patients than in the control group 25 . Patients with Bell's palsy had a 2.02-fold higher risk of stroke than the control group (95% CI = 1.42-2.86) 26 .
Similarly, PM 10 was found to induce oxidative damage by increasing the intracellular level of hydrogen peroxide and decreasing catalase activity in human lung epithelial A549 cells 27 . In addition, PM suppressed the anti-inflammatory functions and innate immune neutrophils to endotoxins of lipopolysaccharides 28 . PM 10 also had detrimental effects on cardiovascular diseases. A 10 µg/m 3 increase in PM 10 concentration was related to a 10.10% increase in the incidence of ST-elevation myocardial infarction 29 . This increase in the incidence of cardiovascular disease could be related to the risk of Bell's palsy. However, we did not find a consistent result of association between PM 10 and Bell's palsy after adjustment for NO 2 and O 3 . There was no previous study evaluated the relation between PM 10 and Bell's palsy, as far as our knowledge. However, possible explanations of the inconsistency in this study include the higher impact of NO 2 than that of PM 10 on the risk of Bell's palsy and relatively small differences on the PM 10, which could attenuate the statistical power. More studies are required to explore the relationship between PM 10 and Bell's palsy.
Because we could not find any previous study that evaluated the association between O 3 and Bell's palsy, we were unable to explain their inverse association. We believe this might be affected by the negative relationship between NO 2 and O 3, as O 3 could be created from NO 2 by photolysis via ultraviolet light 30 www.nature.com/scientificreports www.nature.com/scientificreports/ Other meteorological conditions, including temperature, atmospheric pressure, and humidity, did not show associations with Bell's palsy in the present study. In accordance with our results, some prior studies demonstrated that there was no association between weather conditions and the onset of Bell's palsy 13, 33 . On the other hand, other previous studies reported relationships between Bell's palsy and low temperature and atmospheric pressure [34] [35] [36] . However, many previous studies did not assess individual-level factors, such as comorbidities. Instead, these studies only analyzed the regional incidence of Bell's palsy according to seasons or months [34] [35] [36] . In addition, the effects of air pollutants could be influenced by weather conditions. For instance, the synergistic effects of temperature and air pollutants on mortality due to cardiovascular or respiratory diseases have been reported 37, 38 . Thus, air pollutants should be included when evaluating the effects of weather conditions on health outcomes. However, most previous studies did not concurrently consider air pollutants and weather conditions.
Unlike previous studies, this study matched and adjusted for individual-level demographic factors and past medical histories. The region of residence was matched between the Bell's palsy group and the control group. In addition, the subgroup analyses according to region of residence demonstrated consistently high ORs for the association of the risk of Bell's palsy with NO 2 exposure in both the urban and rural groups (Table S3 ). A number of weather conditions, such as temperature, humidity, and atmospheric pressure, and the air pollutants, namely, SO 2 , NO 2 , O 3 , CO, and PM 10 , were simultaneously analyzed. There are several additional merits of the present study. With regard to the meteorological conditions, the accuracy of the measurements was guaranteed by using an automated synoptic observing system and a manual system hourly in 94 and 273 places, respectively (Supplementary S5). In addition, longitudinal measurements extending 60 days before the index dates were analyzed. The best fit models for the associations of NO 2 , O 3 , and PM 10 air pollutants with Bell's palsy were identified with the AIC and BIC (Table S2 ). Moreover, the large, representative sample cohort enabled the analysis of a number of meteorological conditions with satisfactory statistical power. A large, nationwide, representative study was carried out based on National Health Insurance System (NHIS) data. Because all Korean citizens are legally registered and their medical records are managed by the NHIS, no participants were missing in the present study.
However, because the NHIS data are based on hospital or clinical visits, it is possible that subclinical cases could have been excluded from the present study. In addition, although there were numerous participants, the number of young (<30 years old) patients was relatively smaller than the number of older patients, which could be a cause of the nonsignificant association between exposure to air pollutants and Bell's palsy in this age group (Table 3) . Although we considered several demographic factors and comorbidities, there are still possible confounding factors that were not considered, including smoking and alcohol consumption. PM 2.5 information was not available in this study because it was only measured after 2015 in Korea. Moreover, the intrinsic limitation of the analysis of meteorological exposure in an epidemiological study existed because the measures of meteorological exposures were based on residential areas and could not account for indoor exposure. However, outdoor exposure to nitrogen is thought to have a higher impact on health outcomes than indoor exposure 39 . Lastly, because the Bell's palsy group was matched with a control group who lived in another urban/rural place, the other www.nature.com/scientificreports www.nature.com/scientificreports/ environmental factors specific to the respective residential areas, including air pollution or meteorological factors, could have influenced the increased risk of Bell's palsy.
In conclusion, the exposure to NO 2 for 60 days before the onset of Bell's palsy was higher in Bell's palsy patients than in the control group, while the results for exposure to O 3 and PM 10 were inconsistent. Other meteorological conditions, including temperature, humidity, atmospheric pressure, SO 2 , and CO, were not related to the onset of Bell's palsy.
Materials and Methods
participant Selection. This study was approved by the ethics committee of Hallym University (2017-I102). All methods were performed according the guidelines and regulations of the ethics committee of Hallym University. Written informed consent was waived by the Institutional Review Board. We describe the Korean Health Insurance Review and Assessment Service -National Sample Cohort (HIRA-NSC), meteorological data, and air pollution data in supplemental file 5.
From a total of 1,125,691 patients with 114,369,638 medical claim codes, the participants who were defined as having Bell's palsy were selected for inclusion (n = 3,996). The Bell's palsy participants were matched 1:4 with participants who had never been diagnosed with Bell's palsy (control group). Age group, sex, income group, region of residence, and past medical histories (hypertension, diabetes, and dyslipidemia) were matched between the Bell's palsy and control groups. In matching the region of residence (urban/rural), participants who lived in urban areas were matched with control participants who lived in another urban place. The same method was used for those who lived in rural areas. The control group participants were sorted using a random number generator. The matched control participants were presumed to be enrolled concurrently with each Bell's palsy participant (index date). The Bell's palsy participants for whom we could not identify sufficient numbers of matching participants were excluded (n = 61). Finally, 1:4 matching resulted in the inclusion of 3,935 Bell's palsy participants and 15,740 control participants (Fig. 1) .
We analyzed the meteorological data for the mean exposures 60 days, 30 days, 14 days, 7 days, and 3 days before the index date in both Bell's palsy and control groups.
Variables. Independent variable. The daily mean temperature (°C), daily mean highest temperature (°C), daily mean lowest temperature (°C), daily mean temperature difference (°C), relative humidity (%), spot atmospheric pressure (hPa), sulfur dioxide (SO 2 ) (ppm), NO 2 (ppm), O 3 (ppm), CO (ppm), and PM 10 (μg/m 3 ) for 14 days, 10 days, 7 days, 5 days, and 3 days before the index date were analyzed (Table S2) .
Covariates. The age groups were classified using 5-year intervals. The income groups were divided into 11 classes (class 1 [lowest income]-11 [highest income]). The region of residence was classified as urban and rural areas.
The past medical histories of the participants were defined using the 10th revision of the International Statistical Classification of Diseases (ICD-10) codes. Hypertension (I10 and I15), diabetes (E10-E49), and dyslipidemia (E78) were acknowledged if the participants were treated ≥2 times.
Dependent variable. Bell's palsy was defined using the ICD-10 code (G510). Among the cases with this ICD-10 code, the participants who were treated ≥2 times and who were treated with steroids were defined as having Bell's palsy.
Statistical Analyses. The rate of general characteristics between Bell's palsy and the control group were compared using the chi-square test. The mean meteorological data 14 days before the index date was compared using an independent t-test.
To analyze the ORs of meteorological data for Bell's palsy, conditional logistic regression was performed. The crude (simple) and adjusted (multiple) models were analyzed. The models were stratified by age, sex, income, region of residence, hypertension, diabetes, and dyslipidemia. The 95% CI was described. We describe the independent variables and the methods used to reach the final model in Supplemental Tables 2, 3 , and 4. Table 3 . Adjusted odd ratios (95% confidence interval) of NO 2 for 60 days (0.1 ppm) for Bell's palsy in subgroup analysis according to age and sex. *Conditional logistic regression was performed. Models were stratified by age, sex, income, region of residence, hypertension, diabetes, and dyslipidemia. Significance at P < 0.05. Figure 1 . Schematic illustration of the participant selection process that was used in the present study. Out of a total of 1,125,691 participants, 3,935 of Bell's palsy participants were matched with 15,740 control participants for age, sex, income, region of residence, and past medical histories. Then, the Bell's palsy and control participants were matched with the same meteorological data before the index date.
